The human auditory brainstem, especially the cochlear nucleus (CN) and the superior olivary complex (SOC) are characterized by a high density of neurons associated with perineuronal nets (PNs). PNs build a specific form of extracellular matrix surrounding the neuronal somata, proximal dendrites and axon initial segments. They restrict synaptic plasticity and control high-frequency synaptic activity, a prominent characteristic of neurons of the auditory brainstem. The distribution of PNs within the auditory brainstem has been investigated in a number of mammalian species. However, much less is known regarding PNs in the human auditory brainstem. The present study aimed at the immunohistochemical identification of PNs in the cochlear nucleus (CN) and superior olivary complex (SOC) in the human brainstem. We focused on the complex nature and molecular variability of PNs in the CN and SOC by using specific antibodies against the main PN components (aggrecan, brevican, neurocan and hyaluronan and proteoglycan link protein 1). Virtually all subnuclei within the ventral CN and SOC were found to be associated with PNs. Direct comparison between gerbil and human yielded similar fine structure of PNs and confirmed the typical tight interdigitation of PNs with synaptic terminals in both species. Noticeably, an elaborate combination of immunohistochemical labelings clearly supports the still debated existence of the medial nucleus of trapezoid body (MNTB) in the human brain. In conclusion, the present study demonstrates that PNs form a prominent extracellular structure on CN and SOC neurons in the human brain, potentially stabilizing synaptic contacts, which is in agreement with many other mammalian species.
Introduction
The auditory brainstem, especially the cochlear nucleus (CN) and the superior olivary complex (SOC) are characterized by a high density of neurons which are associated with perineuronal nets (PNs), a specific form of extracellular matrix (ECM) that surrounds the neuronal somata, proximal dendrites and axon initial segments . PNs are assumed to influence synaptic plasticity and to control the availability of ions required for highfrequency synaptic activity Hartig et al., 1994 Hartig et al., , 1999 Hockfield et al., 1990; Lander et al., 1998; Pizzorusso et al., 2002; Reimers et al., 2007; Wang and Fawcett, 2012) .
PNs are a complex agglomeration of lecticans, a group of chondroitin sulfate proteoglycans (CSPGs), including aggrecan, brevican, neurocan and versican, which bind to hyaluronan, the backbone of PNs. Link proteins and tenascin-R stabilize the lectican-hyaluronan and lectican-lectican interaction establishing a quaternary structure (Carulli et al., 2007; Deepa et al., 2006; Koppe et al., 1997; Kwok et al., 2011; Wang and Fawcett, 2012) . The distribution of PNs within the auditory brainstem has been investigated in a number of species, e.g. rat, tenrec, dog, hedgehog, gerbil, rhesus monkey, cat (Atoji and Suzuki, 1992; Cant and Benson, 2006; Friauf, 2000; Guimaraes et al., 1990; Hilbig et al., 2007; Hockfield et al., 1990; Lurie et al., 1997; Morawski et al., 2009) , and even in humans (Schmidt et al., 2010; Wagoner and Kulesza, 2009 ). Many of these data, especially in the human brain, rely on the binding of the lectin WFA (Wisteria floribunda agglutinin), which is the most commonly used PN marker. WFA detects N-acetylgalactosamine in the glycosaminoglycan side chains of the proteoglycan aggrecan (Giamanco et al., 2010) . However, in the hippocampus, in the neocortex and in the cochlear nucleus WFA did not detect all aggrecan-positive neurons while antibodies against the core protein of aggrecan seemed to be more specific, sensitive and reliable than WFA. These findings point to biochemical variations of the PN molecules, e.g. glycosylation state of aggrecan (Matthews et al., 2002) , and absence or degradation of WFA binding sites (Ajmo et al., 2008; Cant and Benson, 2006; Lurie et al., 1997; Morawski et al., 2010a Morawski et al., , 2010b Suttkus et al., 2014) . Thus, it has been increasingly doubted that WFA serves as a convenient PN marker generally detecting all variations of this type of ECM (Matthews et al., 2002; Sonntag et al., 2015) .
In the present study, we aimed at the immunohistochemical identification of PNs in the CN and SOC of the human auditory brainstem, thereby considering the complex nature and potential molecular variabilities of PNs by using specific antibodies against the main PN components (aggrecan, brevican, neurocan and hyaluronan and proteoglycan link protein 1). We found that all of these molecules are expressed around neurons in virtually all subnuclei of the ventral CN and SOC. Comparative analyses between gerbil and human were performed demonstrating similar fine structure of PN molecules and confirming the typical tight association of PNs with synaptic terminals in both species. Due to the contrary opinions whether there is a medial nucleus of trapezoid body (MNTB) in the human brain or not, we additionally performed calbindin-and vGlut1-immunohistochemistry to unambiguously identify this nucleus.
In conclusion the present results demonstrate that the distribution, composition and morphological details of PNs and their subcomponents in the human auditory brainstem largely resemble those of other mammalian species.
Material and methods

Examined tissue
In this study, tissue blocks from three human post mortem brainstems (case 1: male, 49 years old, post mortem interval prior to fixation (PMI) 72 h; case 2: female, 90 years old, PMI 72 h; case 3: female, 85 years old, PMI 24 h) were provided by the Brain Banking Center Leipzig of the German Brain-Net (GZ 01GI9999-01GI0299), operated by the Paul Flechsig Institute of Brain Research (Approval # 82e02). The entire procedure of case recruitment, acquisition of the patients' personal data, the protocols and the informed consent forms, performing the autopsy, and handling the autopsy material have been approved by the responsible authorities. In addition, brains of three months old, male gerbils (n ¼ 3) were used, approved by the Saxonian District Government (T34/16). The animals were bred in the animal care facility of the Institute of Biology of the University of Leipzig and kept on a 12 he12 h darkelight cycle with free access to food and water.
Preparation
Human brains were obtained through routine autopsy from individuals dying without any history of neurological or mental impairment and free of any CNS pathology. Brainstems were dissected from human brains at anatomical landmarks such as the cranial end of the middle cerebellar peduncle and the caudal end of the fourth ventricle. Brainstems were bisected and immersion fixed in 4% paraformaldehyde (in phosphate buffered saline (PBS) composed of 10 mM NaH 2 PO 4 , 10 mM Na 2 HPO 4 and 120 mM NaCl, pH 7.4) for at least 4 weeks. The fixative was changed twice within this time.
For cryoprotection, the brainstems were then incubated in a solution of 30% sucrose and 0.1% sodium azide for one to two weeks. Subsequently the brain tissue was cut into 30 mm thick transverse slices with a cryomicrotome (SM2000 Manual Microtome, Leica Biosystems). The slices were retained in a solution of PBS and 0.01% sodium azide until further use. On average, 220 slices per human brainstem were investigated.
The gerbils were anaesthetized with CO 2 , perfused with 0.9% sodium chloride followed by 4% paraformaldehyde (in PBS, pH 7.4). The brains were post-fixed in 4% paraformaldehyde (in PBS, pH 7.4) for 24 h, cryoprotected in 30% sucrose for 2 days and cut into 30 mm thick slice in the frontal plane (SM2000 Manual Microtome, Leica Biosystems). The slices were kept in PBS and 0.01% sodium azide until further use.
Immunohistochemistry
The technique of immunohistochemistry was used (i) to identify and characterize the neurons of the ventral CN (VCN) and SOC, (ii) to analyze the distribution and composition of PNs, and (iii) to characterize synaptic structures of VCN and SOC neurons.
For antigen retrieval, the slices were pretreated with an alkaline (0.05M Trisaminomethane-buffer, pH 8) for 20 min or an acid (0.1M citrate, pH 6) at 90 C for 20 min or were incubated in 1% sodium borohydride (NaBH 4 ) for 30 min. Immunohistochemistry was performed on freely floating sections under room temperature. Endogenous peroxidase activity was quenched by treatment with a solution containing 60% methanol and 2% hydrogen peroxide The tissue sections were then incubated in a mixture of primary antibodies and blocking solution for one to 2 days at room temperature or at 4 C. All applied primary antibodies are summarized in Table 1 . Antibodies were visualized by biotinylated secondary antibodies and 3,3 0 -Diaminobenzidine (DAB)-Nickel staining or fluorescent secondary antibodies. Secondary antibodies are summarized in Table 2 . Afterwards the tissue sections were mounted onto glass slides and were coverslipped with Entellan ® . The human tissue sections processed with fluorescent secondary antibodies were additionally treated with Sudan Black for 45 s to block typically strong autofluorescence in aged human brain tissue. Afterwards the sections were coverslipped with glycerolgelatine.
Microscopy and photo documentation
Tissue sections processed with DAB-Nickel were imaged using a Keyence microscope (BZ-9000, Keyence, Neu-Isenburg, Germany) and a Zeiss microscope (Axioplan, Zeiss, Jena, Germany). Tissue sections processed with fluorescent antibodies were imaged using a Keyence fluorescence microscope (BZ-9000, Keyence, NeuIsenburg, Germany) and Zeiss confocal Laser-scanning microscope (LSM 510 Meta, Zeiss, Jena, Germany). Stacks along the z-axis were taken at distances of 1 mm and maximum intensity projections were generated.
Image processing was accomplished with the following softwares: Axiovision 3.1 (Zeiss, Jena, Germany), BZ-II-Analyzer (Keyence, Neu-Isenburg, Germany) and ZEN 2.3 (Zeiss, Jena, Germany). Photoshop CS2 (Adobe Systems, San Jose CA, USA) was used to adjust contrast and background.
Stereological determination of calbindin-positive neurons
For stereological analysis, the optical fractionator method (McRae et al., 2007; Morawski et al., 2012b; West et al., 1991) was used to determine numerical densities of calbindin-positive principal cells in the MNTB of the SOC. In order to perform stereological analyses in a restricted domain of the SOC it was first necessary to establish the anatomical boundaries of the considered region with as much precision as possible to ensure accuracy and reliability of the stereologic sampling and validity of the analysis. In the present investigation the number of calbindin-positive principal cells was counted in a discrete area of the SOC (MNTB) of 3 control human brains without any neuropathologically diagnosis and 3 gerbil brains. Counts were performed on a Zeiss (Jena, Germany) Axioskop 2 plus microscope equipped with a motorized stage (M€ arzh€ auser, Wetzlar, Germany), a Ludl MAC 5000 (LEP, Hawthorne, NY, USA) and a digital camera 9000 (MicroBrightField, Williston, VT, USA). Stereo Investigator software 6 (MicroBrightField, Williston, VT, USA) was used to analyze frontal sections (nominal thickness of 30 mm) of the selected area. Each section was first viewed at low magnification (5Â) for outlining the relevant parts of the SOC, and disector frames were placed in a systematic-consecutive fashion in the delineated regions of the sections. Principal cells that fell within these disector frames (100 Â 100 mm) were then counted at high magnification (20Â). On average the post-processing shrinkage of the tissues resulted in a final section thickness of 20 ± 2 mm, which permitted a consistent sampling of 16 mm with the disector and the use of guard zones of 2 mm on either sides of the section. Calbindinstained sections were used every 250 ± 30 mm in the human brains and every 150 mm in the gerbil brain. Depending on the precise dimensions of each individual MNTB 12 ± 2 sections per case were evaluated for the calbindin staining in the human brains and 6 sections in the gerbil brain. Cells were considered for counting if they were explicitly stained and at least fifty percent of their soma was visible within the counting frame. Principal cells, which did not fulfill these criteria, were excluded. The coefficient of error (CE) was estimated with a one-stage systematic sampling procedure that has been described by Scheaffer et al. (2012) . For an evaluated examination, comparison and review of the CEs see Schmitz and Hof (2005) .
Results
Immunostaining in the human auditory brainstem revealed the major PN-components aggrecan, brevican, neurocan and hyaluronan and proteoglycan link protein (HAPLN 1) being prevalent around different types of neurons in the VCN and in virtually all nuclei within the SOC. An analytical comparison between human and gerbil auditory brainstems demonstrated a similar neuroanatomical organization and PN distribution. The DCN was not considered in the analysis, since this part of the CN was partly damaged in the three human brainstems.
Neuronal characterization of the human ventral cochlear nucleus and superior olivary complex by Hu C/D
In the human brain, the CN and SOC have been neuroanatomically examined in several studies, using Nissl-staining, Golgi impregnation, myelin staining and calcium-binding protein immunohistochemistry. Though the composition of the human auditory brainstem was found to be comparable to what has been reported for other mammals (Kulesza, 2007 (Kulesza, , 2014 (Kulesza, , 2008 Moore and Osen, 1979) , the structure of the human SOC is still controversial and needs further research (Kulesza and Grothe, 2015) .
Initially, we labeled neurons with the pan-neuronal marker Hu C/D to identify the subnuclei of the CN and SOC in the human brain. The identification of the nuclei was based on their specific location within the brainstem, on their spatial relationship towards each other as well as on their neuronal anatomy.
Ventral cochlear nucleus
The VCN was identified in the rhomboid fossa at the pontomedullar transition located caudally to the inferior cerebellar peduncle and rostrolaterally to the lateral recessus. The anterior VCN (AVCN) presented an oval shape with Hu C/D immunoreactive cells lying within ascending and descending branches of the auditory nerve ( Fig. 1A) . At the lateral border of the AVCN, the cap cell area with small, flattened granular (cap) cells was identified (Fig. 1B , indicated by outline). In addition, bushy cells as well as stellate cells were located in the AVCN. Bushy cells were identified as round neurons with short primary dendritic extensions (Fig. 1C , black arrow). Stellate cells were identified as multipolar neurons with long dendrites extending in different directions from the cell (Fig. 1C , white arrow). Caudally, the AVCN proceeded in the elongated posterior VCN (PVCN) (Fig. 1D ). Within the PVCN multipolar stellate cells (Fig. 1F ) and towards the dorsal CN (DCN) octopus cells were identified which form triangular shapes with tentacle-like dendrites emanating from one side of the cell body (Fig. 1E ).
Superior olivary complex
The caudal boundary of the SOC was located at the level of the rostral pole of the VCN centrally in the brainstem hemispheres. The SOC was posterolaterally flanked by the facial nucleus and the nucleus paragigantocellularis, anterolaterally by the trapezoid body, which surrounded some SOC neurons, medially by the medial lemniscus and the central tegmental tract and laterally by the spinothalamic tract.
Within the SOC, seven distinct nuclei were identified: the medial and lateral superior olive (MSO and LSO), the lateral, ventral and medial nucleus of the trapezoid body (LNTB, VNTB and MNTB), the superior paraolivary nucleus (SPON) and the posterior periolivary nucleus (PPO) ( Fig. 2A) .
In the center of the round-shaped SOC, the MSO was located, revealing the highest cell density within the SOC (Kulesza, 2007) . The MSO was characterized by its typical long, slim shape arranged from posteromedial to anterolateral. The elongated sheet included mainly principal cells, which were slender, strictly bipolar and had parallel dendrites, one directed laterally and one directed medially. Some elongated neurons within the MSO were multipolar stellate cells with dendrites exhibiting a similar parallel arrangement. Few cells deviated from this pattern revealing dendrites emanating in divergent directions (Fig. 2B) .
The LSO, located posterolateral to the MSO, was identified as an oval or round nucleus divided into one or two parts depending on the section plane. As described by Kulesza (2007) , the y-shape of the LSO in the rostro-caudal axis led to a division of its lower half into two round segments. The LSO was characterized by different cell types, including multipolar neurons with round cell bodies and fusiform cells as well as triangular cells (Fig. 2C) . The LSO is encased by a more sparsely populated cell region, called the peri-LSO zone, previously described by Kulesza (2008) and Warr (1975) .
The identification of the MNTB based on Hu C/D labeling was challenging since the extension, shape, and location of this nucleus was strikingly different to what has been reported for other mammals. The presumed MNTB was located ventromedially to the MSO and formed a small nucleus including cell clusters that contained 10e20 cells. Oval shaped neurons and stellate cells were situated within these clusters (Fig. 2D) .
The VNTB, anteriorly to the MSO, formed a small nucleus with big round to oval neurons partly lying within the trapezoid body fibers (Fig. 2E ). In addition, multipolar stellate cells and a few fusiform cells as well as some neurons with a very big cell size were identified (Fig. 2E, arrow) corroborating earlier descriptions by Kulesza (2008) .
The LNTB was located laterally and partly anteriorly to the MSO forming an extensive nucleus with a lower cell density compared to MSO and LSO (Fig. 2F) . Some LNTB neurons were located within the trapezoid body fibers. This nucleus included round to oval neurons and smaller stellate cells as well as a few fusiform cells.
The SPON formed a large nucleus medial to the MSO containing multipolar stellate, fusiform and round cells. Most cells were arranged in the parasagittal plane. Noticeably, elongated neurons with two long dendrites emanating anteriorly and posteriorly from the cell bodies could also be identified (Fig. 2G, arrow) .
The PPO was located posteriorly to the MSO and appeared as a small nucleus with round neurons and stellate cells. A few bigger neurons were identified with long axons proceeding outside of the nucleus border (Fig. 2H) .
In conclusion, the present findings were mostly consistent with descriptions provided by previous studies on the neuroanatomical arrangement and cell types of the CN and SOC. The human VCN can be divided into its main nuclei AVCN and PVCN. The human SOC can be divided into its main nuclei MSO, LSO, MNTB, VNTB, LNTB, SPON and PPO.
Perineuronal nets surround neurons of the ventral cochlear nucleus and superior olivary complex in humans
The majority of neurons of the auditory brainstem are associated with a specialized extracellular matrix: the perineuronal nets (PNs) Schmidt et al., 2010; Sonntag et al., 2015) . Here, we used specific antibodies against the core proteins of all major PN components, including aggrecan, brevican, neurocan, and HAPLN 1 to immunohistochemically label PNs. This approach also offered the possibility to estimate potential differences in the molecular composition of PNs between auditory brainstem nuclei.
Initially, we performed DAB immunohistochemistry to analyze the distribution of those PN subcomponents in the human auditory brainstem. Both the VCN and all subnuclei within the SOC consistently yielded positive immunoreactivity for all these components while most of the surrounding tissue was devoid of any labeling confirming the specificity of the used antibodies.
Anterior ventral cochlear nucleus
Within the CN, the AVCN appeared to be outstanding because of its high density of PN expressing neurons. The labeling of aggrecan, brevican, neurocan and HAPLN 1 yielded very strong immunosignals (Table 3) which were similarly distributed within the entire AVCN, indicating its typical oval, tail-like shape on an unlabeled background (Fig. 3AeD) . All of these PN molecules surrounded the cell bodies and proximal dendrites of bushy cells and stellate cells in lattice-like patterns with small holes (Fig. 3A1, B1, C1, D1 ).
The labeling of aggrecan densely covered the neurons in AVCN (Fig. 3A1 ). Brevican and neurocan immunoreactivity yielded staining patterns comparable to aggrecan ( Fig. 3B1 and 3C1 ). Around bushy cells, the immunoreactivity of aggrecan and neurocan conspicuously accumulated on one cell pole forming darkly stained, spoon-like structures (Fig. 3A1, 3C1 , arrow) which most likely reflect the outlines of the endbulbs of Held, the large axosomatic synapses that contact those cells (Cant and Morest, 1979; Lorente de N o, 1981) . On the surface of stellate cells, aggrecan and neurocan were distributed more homogeneously (Fig. 3A1, C1 ). Labelings of HAPLN 1 also yielded strong immunosignals, which were evenly distributed around bushy and stellate cells in the AVCN (Fig. 3D1 ). PNs were also detected in the PVCN, especially around octopus cells (data not shown).
Superior olivary complex
The labeling of the CSPGs aggrecan, brevican and neurocan, as well as HAPLN 1 yielded remarkably strong immunosignals in the SOC while nuclei in the proximity of the SOC like the facial nucleus or the paragigantocellular nucleus showed weaker immunoreactivity. Thus, the SOC was already visible by macroscopic observation of the tissue slices. On the microscopic level the seven distinct nuclei of the SOC could clearly be identified solely based on the labeling of PNs (Fig. 4AeD) .
In all SOC subnuclei aggrecan, brevican, neurocan and HAPLN 1
were associated with the neuronal surfaces and proximal dendrites ( Fig. 4A1-A2 , Fig. 4B1-B2 , Fig. 4C1-C2 , Fig. 4D1-D2 ). Still, compared to the PNs in the AVCN, the labeled PN components in the SOC often appeared more diffuse and less delicate around neurons. In addition, the net-like appearance of the PNs was not as prominent as in the AVCN. Semi-quantitative analysis of the intensity of aggrecan, brevican, neurocan and HAPLN 1 labeling throughout the SOC (Table 3) yielded that the labeling intensity of all those PN components was the strongest in the MSO. The LSO showed strong to very strong intensity followed by the LNTB with moderate to strong intensity of immunolabeling. In comparison, the intensity of labeled PNs in the MNTB, VNTB, SPON and PPO was estimated as little to moderate. Comparison of the staining intensity of aggrecan, brevican, neurocan and HAPLN 1 within one nucleus did not result in prominent differences between those PN molecules. Also, the cell-specific analysis of PN expression did not reveal any differences in the distribution of aggrecan, brevican, neurocan and HAPLN 1. In the SPON, all PN components were identified around long neurons with mainly two major dendrites expanding in the sagittal plane (Fig. 4A1) . In the MNTB, oval principal neurons and multipolar stellate cells were surrounded by ECM of PNs (Fig. 4A2) . In the MSO, PNs surrounded many long bipolar and few multipolar neurons as well as their elongated dendrites (Fig. 4B1) . Interestingly, the PN components surrounded the dendrites to a greater extent compared to other nuclei. Analogous to Hu C/D labeling the PN immunohistochemistry presented the parallel arrangement of the cells forming an elongated nucleus in the sagittal plane. In the LNTB, PNs were mainly associated with cells of oval shape (Fig. 4B2 and 4C1 ). PN-ensheathed cells in the small VNTB were mainly identified as large, oval neurons (Fig. 4C2) . In the PPO, especially round-shaped neurons were associated with PNs (Fig. 4D1) . In the LSO, the investigated PN components were found around different cell types, including multipolar cells with round cell bodies (Fig. 4D2 , black arrow) and fusiform cells (Fig. 4D2 , white arrow).
In conclusion, we found that the major constituents of PNs, such as aggrecan, brevican and neurocan and HAPLN 1 are expressed in the human VCN and SOC. In consistency with the previously reported high prevalence of PNs in the auditory brainstem of other mammalian species the present data show that bushy and stellate cells in the human VCN and various neuron types in all subnuclei of the human SOC are associated with PNs.
Co-localization of perineuronal net components
In the MNTB of mice, the proteoglycans aggrecan and brevican were shown to differ in their expression pattern. While aggrecan forms an outer, widely extended sheath, brevican appears as an inner, more delicate ring, sharply delineating the surface of neurons (Blosa et al., 2013; Kolson et al., 2016) . Based on these findings, we proceeded with double-label fluorescent immunohistochemistry to characterize the distribution of aggrecan and brevican around the cell surfaces in the human AVCN and SOC in detail. For direct comparison to other mammalian species, the immunolabeling was additionally conducted in the gerbil auditory brainstem. The gerbil which is a commonly used animal model in auditory research was chosen because of its hearing range which is similar to humans, especially with regard to low frequencies (Ryan, 1976; Zwicker and Fastl, 1990) .
The double-labeling of aggrecan ( Fig. 5A and B, red) and brevican ( Fig. 5A and B, green) in the AVCN of human and gerbil yielded that those proteoglycans were only partly co-localized ( Fig. 5A and  B) . Though distinct layers of aggrecan and brevican might be assumed, they were not as prominent as previously demonstrated in the mouse MNTB (Blosa et al., 2013; Kolson et al., 2016) . Also in the MSO of both human and gerbil, aggrecan (Fig. 5C and D, red) and brevican ( Fig. 5C and D, green) immunoreactivity only partially overlapped. However, in contrast to the AVCN, a layered organization of aggrecan and brevican was more prominent in the MSO, especially, at the dendrites of human MSO neurons which were surrounded by aggrecan and brevican over remarkably long distances. Here, aggrecan labeling (Fig. 5C, red) frequently e though not consistently -seemed to encase brevican labeling (Fig. 5C,  green) .
In conclusion, these data suggest that the distinct cellular distribution of aggrecan and brevican which so far was only shown for MNTB principal cells in mice can be assumed as a general phenomenon of neurons within the entire auditory brainstem of mammalian species, including human.
Synaptic terminals in cochlear nucleus and superior olivary complex are tightly enclosed by perineuronal nets
PNs typically form net-like structures around neurons and dendrites which could also be demonstrated by the present immunohistochemical data. The holes within the PN are supposed to be occupied by terminating synapses (Blosa et al., 2013; Celio et al., 1998; Celio and Blumcke, 1994; Deepa et al., 2006; Hockfield and McKay, 1983) . Neurons in the auditory brainstem build a complex network of inhibition and excitation, which underlie the processing of sound source location and which is based on the interaction of different transmitter systems (Grothe et al., 2010) . The VCN, for instance, receives glutamatergic input from the auditory nerve (Moore, 1987) , but is also innervated by GABAergic and glycinergic neurons (Moore et al., 1996; Wu and Oertel, 1986) . The MSO receives glutamatergic information from spherical bushy cells from the AVCN Sanes, 1993, 1994; Magnusson et al., 2005; Smith et al., 1998) and bilateral glycinergic input from the MNTB (Kuwabara and Zook, 1992; Stotler, 1953; Werthat et al., 2008) and LNTB (Cant and Hyson, 1992; Grothe et al., 2010) . Next, we performed double-label fluorescence immunohistochemistry to investigate the spatial relationship of PNs and synapses in the human VCN and SOC with special focus on differences depending on the predominant neurotransmitter. Again, the labeling was performed on gerbil brain tissue to directly enable assumptions about the consistency of the results across species.
Labeling of synaptic structures by using an antibody against synaptic vesicle protein (anti-SV2) yielded an accumulation of synaptic contacts on the somatic surface of neurons in the AVCN in both humans (Fig. 6A, red) and gerbils (Fig. 6B, red) . Those SV2-positive synaptic terminals revealed a tight spatial association, but a very low level of co-localization, with brevican, which frequently surrounded somatic synaptic terminals resulting in the typical net-like structure (Fig. 6A und Fig. 6B, green) . Similar observations were made when labeling specifically inhibitory, glycinergic synapses (Fig. 6C and D, red) which also terminate primarily on the somatic surface of AVCN neurons and were clearly embedded in the aggrecan-positive PN (Fig. 6C and D, green) . However, the synaptic structures in the neuropil were less frequently associated with brevican or aggrecan (Fig. 6) .
The spatial relationship between PNs and synapses could also be Table 3 Semi-quantified intensity of immunolabeling of various PN molecules in the human cochlear nucleus and superior olivary complex.
Nucleus aggrecan brevican neurocan HAPLN1
anterior ventral cochlear nucleus **** **** **** **** medial superior olive **** **** **** **** lateral superior olive **** *** *** **** medial nucleus of trapezoid body * * ** * lateral nucleus of trapezoid body ** ** *** ** ventral nucleus of trapezoid body * * * ** superior paraolivary nucleus ** ** ** ** posterior periolivary nucleus * ** ** * Perineuronal net labeling intensity was defined as follows: **** very strong *** strong **moderate *weak.
confirmed for neurons in the SOC with no obvious differences between human (Fig. 7 , left column) and gerbil (Fig. 7, right column) . Immunohistochemical labeling of glutamatergic synaptic terminals by anti-vGlut1 yielded a high number of synapses terminating on the dendrites of MSO neurons ( Fig. 7A and B, red) . The dendrites were frequently surrounded by PNs ( Fig. 7A and B, green) enwrapping the synaptic contacts. Also in the LNTB, the close association of PNs and glutamatergic synapses could be confirmed. In this nucleus, PNs were mainly expressed around the neurons' somata leaving big gaps ( Fig. 7C and D, green) which seemed to be a morphological adaptation to the rather large glutamatergic synaptic endings in the LNTB (Fig. 7C and D, red) . These data demonstrate that in the human as well as in the gerbil auditory brainstem PNs form holes which are occupied by A, A1, A2. All subnuclei within the SOC, especially the MSO and LSO revelead aggrecan immunoreactive PNs, surrounding the somata and dendrites of the neurons (A). In the SPON, aggrecan (ACAN) covered the cell bodies as well as the long dendrites (A1). In the MNTB, oval principal neurons and multipolar stellate cells were surrounded by aggrecanimmunoreactive ECM (A2). B, B1, B2. Brevican-immunoreactive net components are also present in all nuclei of the SOC (B). In the MSO, brevican (BCAN) surrounded the bipolar principal cells and triangular multipolar cells and their long dendrites with a parasagittal arrangement (B1). In the LNTB, brevican was detected around cells with mainly oval shapes (B2). C, C1, C2. Neurocan (NCAN) formed delicate structures around the somata and dendrites of the neurons of all SOC nuclei (C). In the LNTB, neurocan surrounded different cell types, like round, stellate and fusiform cells (C1). The VNTB is a smaller nucleus with big oval neurons surrounded by neurocan immunoreactive net components (C2). D, D1, D2. All nuclei within the SOC, especially the MSO and LSO, revealed HAPLN 1-positive immunosignals (D). In the PPO they were primarily expressed around the cell bodies and dendrites of small, round neurons (D1). In the LSO, HAPLN 1 was detected around multipolar cells with round cell bodies (black arrow, D2) and fusiform cells (white arrow, D2).
Scale bar in A-D 200 mm, in A1-D1, A2-D2 10 mm.
synapses of both inhibitory and excitatory type, indicating a structural relationship between PNs and synapses.
Identification of the medial nucleus of the trapezoid body in the human auditory brainstem
For decades there has been a continuous debate about the existence of the MNTB in humans (Kulesza and Grothe, 2015; Richter et al., 1983) . Also, in the present study the identification of the MNTB purely based on its neuroanatomical location and cellspecific features estimated by Nissl-staining and Hu C/D labeling was challenging. While we identified the MNTB to be composed of small clusters of neurons, Kulesza (2008) reported that the MNTB is formed by loosely arranged neurons in the trapezoid body. We also observed loosely packed neurons in the trapezoid body but due to the low neuronal density it was not possible to unambiguously determine whether these neurons belong to one nucleus. We therefore complemented this approach by further immunohistochemical labelings to verify the existence of typical MNTB features and to unequivocally identify the MNTB principal neurons. Among those features was (i) the calyx of Held, a particularly large glutamatergic synapse engulfing MNTB principal cells (Borst et al., 1995; Friauf et al., 2015) , (ii) the strong calbindin immunoreactivity of MNTB neurons (Fech et al., 2017; Foran et al., 2017; Kulesza, 2014) and (iii) the high density of PNs (Blosa et al., 2013; Fech et al., 2017; Kolson et al., 2016) . In the gerbil auditory brainstem, these three features could be clearly demonstrated by using double-label fluorescence immunohistochemistry (Fig. 8B, F-H) . Virtually all principal cells were surrounded by PNs (Fig. 8B, green) and revealed huge calyx of Held synapses (Fig. 8B, F, H, red) . It could be further confirmed that the majority of MNTB principal cells were calbindin-positive ( Fig. 8G and H, green) . However, the analysis of the immunohistochemical stainings in the presumed MNTB of the human auditory brainstem yielded prominent differences to the MNTB of gerbils. Though, many cells in the human MNTB revealed glutamatergic inputs, the distribution of those was more heterogeneous compared to the gerbil (Fig. 8A, C, E, red) . While in the gerbil the vGlut1 immunosignal primarily accumulated on the somatic surface of principal cells (representing the calyces of Held), the vGlut1 signal in the human MNTB partly indicated the typical claw-like morphology of the calyx of Held but was also found to represent a large number of smaller synapses in the neuropil. Also, the brevican immunoreactivity was surprisingly weak in comparison to the prominent PN labeling in the gerbil and also more diffusely distributed in the human MNTB (Fig. 8A, green) . However, the suspected MNTB revealed a strong calbindin-immunoreactivity ( Fig. 8D and E, green) , though the number of calbindin-positive neurons was obviously lower in the human MNTB compared to the gerbil, which was confirmed by stereological estimation of the number of calbindin-reactive MNTB neurons. In the gerbil, the MNTB had an average rostrocaudal extension of~1 mm and an average total count of 5033 ± 878 calbindin-positive MNTB neurons (n ¼ 3). The extension of the human MNTB ranged from 3 to 3.6 mm and the average total number of calbindin-positive neurons amounted to 870 ± 137 (n ¼ 3).
Based on the presence of calbindin and the huge calyx of Held, we can confirm the existence of the MNTB in the human SOC, though the number of neurons seemed to be considerably less than in gerbils. Also the strong prevalence of PNs in the MNTB which was found in many mammalian species does not seem to be completely valid for the human.
Discussion
Distribution of perineuronal nets in the human auditory brainstem
The nuclei of the auditory brainstem were demonstrated to be highly enriched in PN-bearing neurons in a wide range of species, including human. The present data confirm the high prevalence of PNs in the auditory brainstem of human. In the human CN, the PN immunoreactivity was reported to follow a gradient with darker staining intensity in the anterior region and lighter labeling in the posterior region (Wagoner and Kulesza, 2009) , which was also the case in the present study. However, in the SOC striking differences in the distribution of PNs have emerged when comparing to previous reports. In a work by Schmidt et al. (2010) the PNs were predominantly found in the periolivary nuclei, but were obviously absent in the LSO and MSO. This is strongly contrasting our findings which yielded the most intense PN staining in the MSO and also, clear, net-like neuronal surroundings in the LSO. The reason for these inconsistencies might be the use of different antibodies and markers to detect PNs. The previously applied Wisteria floribunda agglutinin (WFA) as well as the glycosylation-dependent anti-CSPG antibody MAB1581 (Cat-315) (Schmidt et al., 2010) were shown to only bind to selective carbohydrate structures on CSPGs (Giamanco et al., 2010; Matthews et al., 2002) . However, the glycosylation state of the CSPGs, especially of aggrecan is characterized by a high degree of variability adding substantial heterogeneity to PNs, creating neuronal diversity and importantly preventing WFA and glycosylation-dependent anti-CSPG antibodies from the detection of all PN variations (Matthews et al., 2002) . Another important fact is that the sugar sidechains of CPSGs might biochemically change after death as indicated by a recent work by Morawski et al. (2012b) . While the intensity of WFA labeling significantly decreased with prolonged post mortem time the intensity of aggrecan core protein labeling did not reveal such a dependency. In conclusion, negative immunohistochemical results obtained with WFA or glycosylation-dependent anti-CSPG antibodies need to be handled with caution. Instead antibodies detecting the core proteins of CPSGs, as applied in the present study, seem to be less vulnerable to post mortem changes and might serve as more reliable markers for detecting PNs, especially in human tissue.
The medial nucleus of the trapezoid body in the human brainstem
The existence of the MNTB in humans has been debated for many decades now (Kulesza and Grothe, 2015) . It is surprising, that in many studies different histological and immunohistochemical (including calbindin-immunohistochemistry) approaches failed to unambiguously identify the MNTB in the human brain (Bazwinsky et al., 2003; Moore, 1987 Moore, , 2000 Moore and Moore, 1971) , while in other works there was no doubt about the existence of the MNTB in human, partly using the same methods (Kulesza, 2007 (Kulesza, , 2008 Kulesza, 2014; Richter et al., 1983; Schmidt et al., 2010) . In our samples, we could clearly identify cells ventromedial to the MSO which revealed typical characteristics of MNTB principal cells. Among those were calyx-like synapses, the strong prevalence of the calcium-binding protein calbindin and oval cell shapes.
However, the direct comparison to the gerbil brainstem indicated that the number of cells within the MNTB was greatly reduced in the human brain. The gerbil revealed a total amount of 5000 calbindin-positive MNTB neurons. This was comparable to recent data collected in the rat MNTB with a total count of~6500 neurons of which 91% were calbindin-positive (Foran et al., 2017) . In the human MNTB, we determined up to 1000 calbindin-positive neurons. It was, however, puzzling, that our estimated number of MNTB principal cells was more than three times smaller compared to an earlier study by Kulesza (2008) who estimated~3600 neurons in the MNTB of humans based on Nissl-and Golgi-stainings. The differences in MNTB number are most likely the result of using different borders for the nucleus, especially rostrocaudally. While in this earlier work the MNTB was identified as a loosely packed group of neurons in the trapezoid body (Kulesza, 2008) , we presumed the MNTB to be formed by small clusters of neurons ventromedial to the MSO. We also detected other neurons in the trapezoid body but due to the very low neuronal density, it was not clear whether these neurons may be assigned to one nucleus. For the unequivocal identification of the MNTB and its neurons we referred to typical characteristics of MNTB principal neurons, such as vGlut1 positive calyces of Held and calbindin-positive principal neurons and found that the majority of the neurons within the small clusters ventromedial to the MSO were calbindin-positive. We admit that the consideration of calbindin-positive neurons only might have led to an underestimation of the total number of MNTB neurons, especially since there is evidence that in the human MNTB only 66% of neurons might be calbindin-positive (Kulesza, 2014) . However, there is no doubt that the MNTB in humans is significantly reduced with respect to the amount of calbindinpositive neurons as compared to other mammals.
Despite the fact that the existence of the human MNTB cannot be denied, there still remain neuroanatomical uncertainties with respect to the identification of the MNTB and its neurons. Future work is needed to fill this gap. It also remains unknown whether the potential neuroanatomical differences in the MNTB of humans compared to other mammals have an impact on the function of the MNTB and whether the processing of sound source localization in humans is depending on the MNTB at all.
Co-localization of chondroitin sulfate proteoglycans and functional implications
PNs in the human auditory brainstem revealed the typical netlike shape around the surface of cell bodies and proximal dendrites (Bruckner et al., 1993; Celio et al., 1998; Celio and Blumcke, 1994; Hockfield et al., 1990; Hockfield and McKay, 1983; Zaremba et al., 1989) . PNs structurally and potentially functionally consolidate with synaptic contacts as the holes within the PNs were occupied by synapses terminating on the neurons' surfaces and on the dendrites. PNs encapsulated synapses of different types of prevalent neurotransmitter, including excitatory glutamatergic and inhibitory glycinergic contacts (Blosa et al., 2013) . The structure of PNs is greatly depending on the profile of synaptic inputs. Neurons with many synaptic terminals on their cell bodies and dendrites are surrounded by a more classical lattice-like net while the structure of PNs around principal cells in the MNTB which are contacted by a single huge calyx of Held seem to be adapted to the morphologically specialized synaptic input, appearing less net-like but more bulky (Blosa et al., 2013; Sonntag et al., 2015) .
PNs form a complex of CSPGs (including aggrecan, brevican, neurocan), which bind to hyaluronan representing the PNs backbone. Link proteins and tenascin-R stabilize the interaction of all components and form a quaternary structure (Carulli et al., 2007; Deepa et al., 2006; Koppe et al., 1997; Kwok et al., 2011; Wang and Fawcett, 2012) . In the present study, antibodies against the core proteins of aggrecan, brevican, and neurocan as well as against HAPLN 1 were applied to detect PNs in the human auditory brainstem. All of these antibodies yielded specific immunohistochemical signals indicating that the composition of PNs in the human VCN and SOC is consistent with those general descriptions (Blosa et al., 2013; Sonntag et al., 2015) . Interestingly, the distribution of the subcomponents, especially of aggrecan and brevican, has previously been demonstrated to vary within the PNs around MNTB principal neurons of mice (Blosa et al., 2013; Kolson et al., 2016; Sonntag et al., 2015) which could presently be confirmed in human auditory brainstem neurons. These results might implicate different functions of the PN subcomponents. Brevican is mainly expressed in direct proximity to the pre-and postsynaptic membrane surface forming a thin layer around neurons, while aggrecan spreads out more widely (Blosa et al., 2013 Frischknecht and Gundelfinger, 2012; Frischknecht and Seidenbecher, 2012) . Due to its tight association with synaptic structures brevican is supposed to stabilize the synaptic contacts on the neuronal surface, to build a Immunohistochemical labeling of PNs (green) and glutamatergic synapses (vGlut1, red) in the MNTB of gerbil (B) indicated the huge calyx of Held as well as the prominent PNs around virtually all neurons while in the presumed human MNTB (A) only some of the oval shaped neurons were contacted by calyx-like, glutamatergic synapses. The PN immunoreactivity was less bulky and more diffusely distributed in the human MNTB compared to the gerbil MNTB. PNs were detected with an anti-brevican antibody in human (A) and an anti-aggrecan antibody in gerbil (B). C-H. In the human MNTB, calbindin immunoreactive, oval cells (D, E green) which were surrounded by calyx-like synaptic structures (C, E red) were scattered. In the gerbil (DeF), the calbindin immunoreactive principal cells (G, H green) and calyx synapses (F, H red) were observed in much higher quantity and density. Scale bar in A and B 20 mm, in CeH 10 mm. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) diffusion barrier for extracellular signaling molecules and even to influence the reuptake of neurotransmitters including prevention of transmitter spillover . Furthermore, unpublished results by R. Miura and Y. Yamaguchi indicate that brevican might stimulate cell migration and neurite outgrowth in primary cortex and hippocampus (Yamaguchi, 2000) . In contrast to brevican, aggreccan, as the main CSPG of PNs (Giamanco et al., 2010; Giamanco and Matthews, 2012; Matthews et al., 2002; Yamaguchi, 2000) , appears to form a second, thicker layer around the neuronal membrane (Blosa et al., 2013) . Therefore, this CSPG might present the link between the neurons and their surrounding environment. Aggrecan primarily determines the anionic nature of PNs since it carries a large number of negatively charged chondroitin sulfate side chains. Thus, aggrecan might contribute to the regulation of ion homeostasis, might control high-rate synaptic transmission and might even be involved in neuroprotection by preventing accumulation of positively charged proteins and ions which might be toxic at certain levels (Blosa et al., 2013; Morawski et al., 2012a) .
Conclusion
This study demonstrates that specific antibodies against the core proteins of aggrecan, brevican and neurocan as well as an antibody against HAPLN 1 serve as adequate markers to reliably detect perineuronal nets in the human auditory brainstem. The distribution and structure of PNs in the human VCN and SOC were mostly compliant with findings in other mammals which give rise to the assumption that most concepts on PN function based on animal research might be well applicable to humans.
Still, some unresolved questions remain, especially with respect to the MNTB. In contrast to many older studies, a high percentage of the more recent studies could confirm the existence of the MNTB in the human SOC though the number of neurons in this nucleus and their morphological features may deviate from other mammals. Future work is needed to eventually explain these differences which is indispensable for our understanding of the processing of sound source location in humans.
